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ABSTRACT

The refrigerant circuitry influences a heat exchanger’s attainable capacity. Typically, a design engineer
specifies a circuitry and validates it using a simulation model or laboratory test. The circuitry optimization
process can be improved by using intelligent search techniques. This paper presents experiments with a novel
intelligent optimization module, ISHED (Intelligent System for Heat Exchanger Design), applied to maximize
capacity through circuitry design of finned-tube condensers. The module operates in a semi-Darwinian mode
and seeks refrigerant circuitry designs that maximize the condenser capacity for specified operating conditions
and condenser slab design constraints. Examples of optimization runs for six different refrigerants are included.
ISHED demonstrated the ability to generate circuitry architectures with capacities equal to or superior to those
prepared manually, particularly for cases involving non-uniform air distribution.

1. INTRODUCTION

Finned-tube condensers and evaporators are the predominant types of refrigerant-to-air heat exchangers.
Their performance is affected by a multitude of design parameters, some of which are limited by the application
or available manufacturing capabilities. Once a heat exchanger’s outside dimensions, tube diameter, tube and
fin spacing, and heat transfer surfaces are selected, the design engineer needs to specify the sequence in which
tubes are connected to define the flow path of the refrigerant through the coil, i.e., the refrigerant circuitry. The
goal of the design engineer is to specify a circuitry that maximizes coil capacity. The number of refrigerant
circuitry options is overwhelming; for example, a three-depth row heat exchanger with 12 tubes per row has
approximately 2-10* possible circuitry architectures. Currently, circuitry design is primarily driven by
engineer’s experience aided by supplemental heat exchanger simulations, which are performed manually.
Designing an optimized refrigerant circuitry is particularly difficult if the airflow is not uniformly distributed
over the coil surface. In such a case, the design engineer may be tempted to assume a uniform air velocity
profile, which will result in capacity degradation (Chwalowski et al. 1989).

Among papers considering refrigerant circuitry optimization, an analytical evaluation of the optimum
number of parallel sections in an evaporator showed that the maximum capacity is obtained when the drop of
refrigerant saturation temperature is 33 % of the average temperature difference between the refrigerant and the
tube wall (Granryd and Palm 2003). A simulation study of six circuitry arrangements concluded that the heat
transfer surface area may be reduced by 5 % through proper design of the refrigerant circuitry, compared to
common configurations (Liang et al. 2001). Another study considering performance of R22 alternatives in
condensers demonstrated that different refrigerants require different circuitry architectures to maximize the
capacity (Casson et al. 2002). The simulation results showed that high-pressure refrigerants are more effective
when used with higher mass fluxes than R22 because of their small drop of saturation temperature for a given
pressure drop. This conclusion supports the concept of a Penalty Factor (Cavallini at al. 2000), which takes into
account a refrigerant’s saturation temperature drop during forced convection condensation.

A common aspect of the above studies is that they considered finned-tube heat exchangers with different
pre-arranged refrigerant circuitries. A different approach is now possible, through advances made in machine
learning, in which customized circuitry designs can be generated for individual heat exchanger applications with
uniform and non-uniform inlet air distributions. These capabilities have been demonstrated by a novel
optimization system called ISHED (Intelligent System for Heat Exchanger Design) (Domanski et al. 2004a).
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The follow up work presented the application of ISHED for optimizing refrigerant circuitries in evaporators
working with isobutane (R600a), R134a, propane (R290), R22, R410A and R32 (Domanski at al., 2004b). In
this paper we extend the application of ISHED to condensers working with the same six refrigerants.

2. CIRCUITRY OPTIMIZATION WITH ISHED

Figure 1 presents a general diagram of the ISHED system. It consists of a heat exchanger simulator, which
provides capacities of heat exchangers with different circuitry architectures, and a set of modules which
participate in the preparation of new architectures. ISHED uses the conventional evolutionary approach in that
it operates on one generation (population) of circuitry architectures at a time. Each member of the population is
evaluated by the heat exchanger simulator, which provides the heat exchanger capacity as a single numerical
fitness value. The designs and their fitness values are returned to the Control Module as an input for deriving
the next generation of circuitry designs. Hence, the optimization process is carried out in a loop, and is repeated
for the number of generations specified by the user. The user also specifies the number of members in each
population at the outset of the optimization run.

The ISHED scheme involves two modules for “breeding” new refrigerant circuitry generations, the
Knowledge-Based Evolutionary Computational Module and the Symbolic Learning Module. The Control
Module decides which module is utilized to produce the next generation (population). At the outset of an
optimization run, the Knowledge-Based Module is used consecutively until the population’s capacities no
longer improve. The process then switches to symbolic learning until the performance under this module ceases
to improve. The control module alternates between the two modules until a specified number of populations
have been examined.

While the overall optimization scheme used by ISHED is consistent with the survival-of-the-fittest
Darwinian approach, several aspects of ISHED render it to be classified as non-Darwinian. These aspects
include several non-Darwinian operators used in ISHED and their use being restricted by a knowledge domain,
and the inclusion of non-Darwinian symbolic learning in the optimization process. More information and
references on ISHED are given in the source publication (Domanski et al. 2004a).
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Figure 1 - Functional architecture of ISHED

The condenser simulation model used in this study, COND, originated from the EVAP-COND simulation
package (NIST 2003). COND is organized in a tube-by-tube scheme allowing the user to specify arbitrary
refrigerant circuitry architectures and a one-dimensional distribution of the inlet air. When the refrigerant in a
tube changes from superheated vapor to two-phase flow, or from two-phase flow to subcooled liquid, the
program locates the transition point and applies appropriate heat transfer and pressure drop correlations to
respective sections of the tube. For the purpose of this study, we improved the general robustness of COND
(speed and convergence) and upgraded pressure drop correlations for straight tubes (Miiller-Steinhagen and
Heck 1986) and return bends (Idelchik 1986).



3. PROPERTIES OF STUDIED REFRIGERANTS
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Table 1 presents the refrigerants used in this study. They were selected to provide wide ranges of
thermophysical properties that affect heat exchanger and system performance.

Table 1. Refrigerant Information

(1)

Refrigerant Saturated Vapor Molar Mass Molar Vapor Safety GWP®
Pressure® (g/mol) Specific Heat > Designation (100 years
(kPa) (J/mol) horizon)®
R600a 604.19 58.122 21688 A3 20
R134a 1159.9 102.03 15392 Al 1320
R290 1534.4 44.096 12808 A3 20
R22 1729.2 86.468 10629 Al 1780
R410A 2729.6 72.585 8622.1 Al/Al 2000
R32 2794.8 52.024 8046.3 A2 543

M All fluid properties based REFPROP (Lemmon et al. 2002); @ correspond to 45 °C dew-point temperature;
@ at constant pressure;  (ASHRAE 2001); © Global Warming Potential; ® (Calm and Hourahan, 2001; IPCC 2001)

Differences in thermodynamic properties of the studied refrigerants can be visually recognized on a
temperature-entropy diagram, as presented in Figure 2 with the entropy scale normalized for qualitative
comparison. The shown two-phase domes are significantly different, which is chiefly due to different critical
temperatures and molar specific heats. Consequently, on a purely the theoretical thermodynamic basis, the
selected fluids have vastly different coefficient of performance (COP) when evaluated for a vapor compression
cycle.

Considering the condenser performance, the location of the critical point and the molar specific heat affect
the level of vapor superheat at the condenser inlet. The critical temperature also influences the condenser
pressure, vapor density, and the change of saturation temperature with respect to pressure. Among transport
properties, liquid thermal conductivity and liquid viscosity are important for heat exchanger performance.
Figure 3 presents these properties for the studied refrigerants relative to the corresponding properties of R22
(where T,; and P denote dew-point temperature and pressure, respectively).
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Figure 3 - Thermophysical properties of selected
refrigerants relative to R22 properties at 45 °C

The goal of the heat exchanger design process is to exploit a refrigerant’s properties to maximize heat
exchanger capacity. This task involves determining the refrigerant circuitry with the optimal mass flux that will
benefit the refrigerant heat transfer coefficient at a tolerable pressure drop penalty. Another consideration is the
setup of the refrigerant circuit architecture to implement cross-counter flow heat exchange between refrigerant
and air. Considering the number of refrigerant properties influencing condensers performance, finding the
optimal circuitry design is a difficult task even for an experienced design engineer.
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4. SELECTED CONDENSER AND OPERATING CONDITION

For this study, we used a two-depth row condenser corresponding to a 5.2 kW air conditioning system.
Table 2 shows the condenser’s design parameters. The air-side operating condition was defined by 35.0 °C inlet
air temperature, 50 % relative humidity, and 101.325 kPa pressure. The volumetric air flow rate was
30.5 m*/min, which produced an average air velocity of 1.0 m/s. The study involved uniform and non-uniform
inlet air velocity profiles.

For all simulation and optimization runs, we kept a constant 45 °C condenser inlet saturation temperature
and 5 °C subcooling, but used a different inlet superheat for each fluid. We calculated the superheat based upon
evaporator exit conditions of 7.2 °C saturation temperature with 5 °C superheat, and a compression efficiency of
0.7. This approach for determining the refrigerant state at the condenser inlet has been used in a previous study
(Casson et al. 2002). Table 3 shows the condenser inlet parameters used.

Table 2. Condenser Design Information

Number of depth rows 2

Number of tubes per 14

row

Tube length mm 1407

Tube inside diameter mm 7.7

Tube outside diameter | mm 8.3 Table 3. Condenser Inlet Refrigerant Condition
Tube pitch mm 254 Refrigerant Pressure Superheat Temperature
Tube depth row pitch mm 15.9 (kPa) (°O) (°C)
Tube inner surface Smooth R600a 604.2 9.7 54.7
Tube mgt(?rlal thermal | kW/(m °C) [ 0.38601 R134a 11599 178 62.8
conductivity

Fin spacing mm 1.19 R22 1729.2 33.6 78.6
Fin type Lanced R410A 2729.6 30.2 75.2
Fin material thermal kW/(m °C) | 0.22157

Conductivity R32 2794.8 46.9 91.9

5. CONDENSER CIRCUITRY OPTIMIZATION

Each optimization run with ISHED used 500 populations with 20 members (circuitry designs) per
population. Hence, each single optimization run involved the generation and evaluation of 10 000 individual
circuitry architectures. Upon completion of the optimization run, we examined the best design and modified it
to accommodate manufacturing realities (elimination of overlapping return bends, etc.). We performed two
series of optimizations run: for 1) uniform and 2) non-uniform inlet air distribution.

5.1 Results for Uniform Inlet Air Distribution

We started by manually designing 14 different circuitry architectures. These manual designs were of five
general types. They consisted of one-circuit (2 designs), 2 circuits converging to a common tube (3 designs), 3
circuits converging to a common tube (4 designs), two separate circuits (2 designs), four separate circuits (2
designs), and one design with seven separate circuits. We evaluated these designs with COND for each
refrigerant, and then performed optimization runs using ISHED. For R290, R22, R32, and R410A, ISHED
returned circuitry designs with two circuitry branches merging at a common point. For the other remaining two
refrigerants, R134a and R600a, which have a lower saturation pressure than the first group, ISHED designed
circuitries with three branches merging at a common point. Figure 4 shows the results for the best manually
designed circuit architectures and for the architectures optimized by ISHED. In each case, the ISHED design
was better than or equal to the best manually designed circuitry paths.



Optimization of Finned-Tube Condensers Using an Intelligent System

R32
—
= 55 R410A
=
2 R22
S 5l R290
S R134a
O R600a
o
a5t
c
[
T
c
o L
8 4

35

1 2 3 2 4 7 ISHED

Converging Converging

Number of Circuits

Figure 4 - Condenser capacities for manually developed and ISHED-optimized circuitry designs

With knowledge of the fluid properties, it seems logical that the studied fluids have the relative assortment
of configurations shown in Figure 4. R600a tends to be more adversely affected by increases in mass flux, and
seems to benefit from more parallel circuits than the other refrigerants. The opposite is true for R32. ISHED
does not know this at the onset of the optimization run, but it learns that certain attributes tend to produce more
favorable results and it propagates these features from one generation to the next.

We may note that, although the ISHED-optimized circuitries were unique to their respective refrigerants,
designs of a given type were fairly similar to one another, and each refrigerant performed approximately the
same in circuitries of the same type. Figure 5 shows two designs that are characteristic of the two design
groups.
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Figure 5 - ISHED-optimized circuitry designs for condensers with two and three circuitry branches

Another observation can be made that the ranking of refrigerants shown in Figure 4 corresponds to the order
of their saturation pressure, i.e., the high-pressure refrigerants are better performers than the low-pressure
counterparts. The capacity spread between the high-pressure R32 and low-pressure R600a is 18 %. In general,
the obtained ranking of performance agrees with the ranking reported in a similar evaporator study, shown in
Figure 6 (Domanski et al. 2004). (The exception is the shift in relative performance of R22 and R290, which
can be explained by the relative change in influential properties of these fluids at evaporating and condensing
temperatures). We may further note that the order of the six studied refrigerants will be reversed if we list them
according to their theoretical vapor compression cycle COP. Hence, the theoretical COP disadvantage of high-
pressure refrigerants can be mitigated through the optimized design of the evaporator and condenser.
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Figure 6 - Evaporator capacities for manually developed and ISHED-optimized circuitry designs (Domanski et
al. 2004)

5.2 Results for Non-Uniform Inlet Air Distribution

Cross-flow air-cooled condensers are generally subject to air flow that is non-uniform. For condensers used
in split residential air conditioners, the fan is generally located near the top of the assembly with perpendicular
orientation with respect to the coil. This results in greater amount of air flow near the top of the coil. It is
therefore interesting to examine ISHED’s effectiveness in designing condensers subjected to a non-uniform air
flow distribution.

For this task, we took air flow distribution measurements on a typical outdoor condensing unit, and scaled
them to the size of the condenser and the volumetric air flow rate of 30.5 m*/min used in this study. Table 4
presents the set of measurement points defining the air velocity profile, with the position measured from the
bottom of the condensing unit. Figure 7 depicts the corresponding velocity profile.

Table 4. Inlet air velocity measurement points
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Figure 7 - Non-uniform air flow distribution

We simulated the performance of each refrigerant in the condenser optimized for uniform air flow, using this
non-uniform air flow profile. In every case, the capacity was less than the capacity with uniform air. We then
redesigned each coil with ISHED, using this non-uniform air velocity profile as input. The new ISHED designs
were able to recover a portion of the lost capacity in every case. Figure 8 shows the results of these simulations.

As the air flow profile becomes less uniform, optimizing refrigerant circuitry becomes more important. To
demonstrate this point, we performed a set of simulations for an R22 condenser with a set of simple linear air
velocity profiles. All these air velocity profiles had a total volumetric flow rate of 30.5 m*/min (the same as in
the previous simulations), but had a different height-wise velocity gradient. We defined the magnitude of this
non-uniformity by the skew factor, S; S=1 for uniform air flow of 1 m/s, S=2 for zero flow on one side of the
condenser linearly increasing to 2 m/s flow on the opposite side.
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Figure 9 shows the capacities for the different inlet air distributions. The bottom line represents the
capacities of the condenser that was optimized for the uniformly distributed air. The upper line represents the
capacities of the condenser whose refrigerant circuitry was optimized for each individual air distribution. The
figure demonstrates that a large portion of the capacity lost due to air flow non-uniformity can be recovered
through optimized circuitry design.

Figure 10 presents the refrigerant circuitry design generated by ISHED for the extreme case studied, which
had zero air flow at the far left side of the coil with the velocity increasing linearly to 2 m/s at the right side.
This design has two inlets and one outlet, but the two inlet circuits have different lengths; 12 tubes for one
circuit and 8 for the other. Even an experienced engineer would have difficulty assigning the best number of
tubes per circuit and locating the merging point to maximize the coil capacity for such a non-uniform air
velocity profile.
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Figure 10 - ISHED-developed circuitry design for linear air flow profile with skew factor S=2

6. CONCLUSIONS

We examined the application of ISHED to optimizing refrigerant circuits in finned-tube condensers. For
given operating parameters and technical constraints, the ISHED system was able to generate optimized
circuitry architectures that were as good as or better than those prepared manually. ISHED was particularly
superior in optimizing circuitry architectures for operating cases with non-uniform air velocity profile. Since
maximizing capacity is the only objective of ISHED, its designs typically need to be manually modified by a
design engineer to accommodate manufacturing constraints. The ISHED optimization system is not constrained
by the refrigerant or heat transfer surfaces used other than the limitations imposed by the heat exchanger
simulator.

Optimization runs with R600a, R134a, R290, R22, R410A and R32 showed that high-pressure refrigerants
benefited from more restrictive circuitry architectures than the low-pressure R600a and R134a. The ratio of
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condenser capacity for the best performer, R32, and the worst performer, R600a, was 1.18. The superior heat
exchanger performance of high-pressure refrigerants renders the opportunity to mitigate their inherent
theoretical COP disadvantage in the vapor compression cycle as compared to low-pressure fluids.
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